[1] Ice crystal shapes in tropical ice clouds are estimated with two different remote sensing methods and compared with measurements from an in situ cloud aerosol spectrometer (CAS) during the Cirrus Regional Study of Tropical Anvils and Cirrus Layers-Florida Area Cirrus Experiment (CRYSTAL-FACE) campaign conducted in Florida during July 2002. The remote sensing techniques use dual-satellite reflectances and lidar linear depolarization rates. The ice crystal shape is derived from CAS measurements of forward and backscattered light from individual particles in the size range from 1 to 45 mm. The remote sensing and in situ retrievals are based on ice crystal optical models, which incorporate the scattering phase functions integrated over the collection angles used by the CAS, the view angles from dual-satellites retrievals, and the complete scattering matrix for lidar. Owing to the space and time collocation constraint between in situ and remote sensing techniques, data from only 1 day are used to evaluate the dual-satellite technique (11 July) and from 3 days for the lidar (23, 26, and 29 July). Data from 23 and 29 July are also used to compare the two remote sensing techniques. In total, 40 shape retrievals were obtained for 20 different cloud areas, allowing paired comparisons of the methods. The results show consistent particle shapes for half of the cloud areas studied. The discrepancies for the other cases can be explained by insufficient spatial-temporal collocations of the data or limitations of the CAS that constrain its range to particles <45 mm, whereas the remote sensing techniques are influenced by particles outside the size range of the CAS. 
Introduction
[2] Ice clouds play a major role in the atmospheric energy balance [Liou, 1986; Stephens et al., 1990] through their albedo and greenhouse effects. The determination of ice cloud microphysical and macrophysical properties from in situ and remote sensing observations remains a challenging task. Ice cloud microphysical properties such as particle size, shape and orientation vary in space and time yet must be accurately characterized since they influence the cloud interactions with radiation. In the shortwave radiative domain, the relative fraction of light scattered in the upward and downward hemispheres is sensitive to the particle shape. For example, simple plane-parallel radiative transfer computations demonstrate that cloud albedo can be modified as much as 20% at a constant ice water content for the same cloud composed of various particle habits. Improving our knowledge of particle habits in various locations and times is the goal of numerous studies using in situ observations collected during several intensive field experiments [e.g., Randall et al., 1996; Raschke et al., 1998; McFarquhar and Heymsfield, 1996; Toon and Miake-Lye, 1998 ] and recently the Cirrus Regional Study of Tropical Anvils and Cirrus Layers -Florida Area Cirrus Experiment (CRYSTAL-FACE). The results of these in situ analyses illustrate the large variability of particle shape [e.g., Heymsfield, 1975; Heymsfield and Platt, 1984; Heymsfield, 1993; Francis et al., 1994] , and highlight potential links between the crystal habit and the latitude, and atmospheric temperature and humidity. Those studies also show that the particle microphysical properties, if averaged over the entire globe, are probably not particularly relevant to understanding the physical processes underlying crystal formation at specific latitudes under different dynamical environments.
[3] Some remote sensing methods have been developed to detect signatures of variations in ice cloud microphysical properties, so that global satellite coverage can be used to develop a better description of those properties at various latitudes and time periods. These methods start with estimates of the ice crystal sizes [Inoue, 1985; Minnis et al., 1993 Minnis et al., , 1998 King et al., 2003; Platnick et al., 2003 ] using both geostationary and low-orbiting satellites. More recently, active remote sensing techniques have been developed to utilize ground based active observations [Intrieri et al., 1993; Mace et al., 2002] . More recent efforts have been directed toward deriving ice crystal shape from remote sensors, or at least estimating the asymmetry factor that is the link between the crystal habit and its radiative impact on the albedo. The methods developed to retrieve information about the crystal shape [Baran et al., 1999; Chepfer et al., 1998; Noel et al., 2001; Masuda et al., 2002; Chepfer et al., 2002] usually utilize visible wavelengths because the signature of variations in crystal habit is dominant at those wavelengths in comparison with the infrared or millimeter domain. Some techniques use bidirectional reflectance observations to detect different signatures linked to the scattering phase function depending on the crystal shape, or observations of the state of polarization of light scattered by the particle, another parameter strongly dependent on the crystal shape.
[4] The goal of this paper is to compare the shapes of crystals in tropical clouds derived from satellites and lidar to in situ measurements in order to assess the capability of remote sensors to resolve crystal shapes. The first technique uses dual satellite observations and takes advantage of bidirectional reflectance signatures. The second method [Noel et al., 2001 [Noel et al., , 2004 is based on the depolarization ratio observed in lidar backscattering. The in situ retrieval takes advantage of bidirectional light scattering measurements of single particles made with the cloud aerosol spectrometer (CAS) [see Baumgardner et al., 2005] . The two remote sensing techniques are applied to small data sets collocated in space and time with in situ observations taken during the CRYSTAL-FACE campaign [Jensen et al., 2004] conducted between 1 and 30 July 2002 over Florida and the Gulf of Mexico. In the future, the dual satellite technique can be applied to collocated observations by geostationary and low-orbiting satellites, whereas the lidar technique can be applied to space-borne lidar with polarization capabilities [Winker et al., 2003] leading to global maps of the particle shape and visible wavelength asymmetry factors. This paper provides the first in a series of validation efforts for these two potentially valuable remote sensing methods.
Observations
[5] The current data set was collected in tropical ice clouds during the CRYSTAL-FACE campaign in July 2002. The cloud cases examined here correspond to times when the satellite and/or ER-2 remote sensing observations were collocated in the same cloud area to within 24 km of the WB57F aircraft. The matching requires that the WB57F flies through cirrus clouds during the NOAA 16 or Aqua overpasses and that the scattering angle between the target and the advanced very high-resolution radiometer (AVHRR) or Moderate Resolution Imaging Spectroradiometer (MODIS) is sufficiently different from that between the target and the Geostationary Operational Environmental Satellite (GOES) imager.
Dual-Satellite Data
[6] In the dual-satellite technique, a given cloud area is observed by two satellites from different directions. For both satellites, the radiances are measured at 650 nm, collocated in space and time (less than 15 min difference) and intercalibrated as given by Minnis et al. [2002] . For CRYSTAL-FACE (CF), the two satellite sensors are the GOES 8 (G8) imager and the NOAA 16 (N16) AVHRR or the G8 imager and Aqua MODIS. During the N16 and Aqua overpasses, the solar zenith angle generally varied between 10°and 30°. The cloud areas were observed at scattering angles around 150°and 110°. The WB57F aircraft, which carries the CAS, passed through cirrus clouds during the 11 July N16 overpasses and during 23 and 29 July under the ER-2 aircraft, which carried the lidar. A thin cloud was sampled above Florida ( Figure 1a ) during 11 July around 1830 UTC. The mean G8 infrared (IR) brightness temperatures for three different WB57F flight segments, designated Z0, Z1, and Z2, are 240 K, 223 K, and 213 K, respectively. These segments are considered separately for comparison with the in situ data. On 23 July the WB57F sampled a thick ice cloud above Florida just before 2000 UTC. Two different cloud segments with IR temperatures lower than 222 K were collocated with the ER-2 flight track ( Figure 1b ) and used for comparisons with lidar retrievals. At 1920 UTC, 29 July (not shown), the WB57F flew through a thick cloud along the ER-2 flight track above the Gulf of Mexico off the Florida peninsula. The satellite viewing directions for each case study are given in Tables   Table 1a 1972 -1974 80.95/26.62 1978 -1982 13.18 -13.50 1978 -1982 81.27/26.02 2023 -2032 14 45/16.40 1901 -1914 13.00 -14.75 1901 -1914 83.75/17.00 1916 -1921 15.20 -15.90 1916 -1921 is an airborne Nd-YV04 lidar with polarization capabilities that was onboard the ER-2 aircraft during the CF mission. This study uses its observations of linear depolarization ratio (Dp) at 1064 nm, defined as the ratio of backscattered intensities in the plane of polarization perpendicular and parallel to the one of the linearly polarized source. The ability of the depolarization ratio to distinguish between liquid water clouds (composed of spherical water droplets) and solid ice clouds (composed of nonspherical ice particles) recognized very early [Pal and Carswell, 1976; Platt, 1977] and has been used in cloud phase retrievals ever since. This capability has been attributed to a high sensitivity to the shape of hydrometeors in the probed cloud [Sassen, 1991] , which was reproduced and extensively studied through light scattering models [Takano and Liou, 1989; Macke, 1993; Yang and Liou, 1996] . Moreover, the depolarization ratio was shown to be independent of particle size, except for particle sizes equivalent to or smaller than the lidar wavelength [Mishchenko and Sassen, 1998 ]. This capability has been used in multiple studies of ice cloud microphysical properties [Eberhard, 1992; Stefanutti et al., 1995] and is the basis for the lidar shape classification method used in the present study (section 3.2).
[8] Figure 2 shows the cloud sequences as observed by the CPL in polarization, and the collocated WB57 flight track within the cloud. The vertical and temporal resolutions are 30 m and 1s, respectively. Data from 23, 26, and 29 July are compared with the CAS retrievals. Eight, three, and one flight segments were selected for 23, 26, and 29 July, respectively. The time difference between the ER-2 and the WB57F is less than 10 min, and the space collocation is better than 2 km. The lidar retrievals are extracted for the portion of the cloud at the altitude of the WB57. Three complementary cloud segments taken from 23 and 29 July data were selected for comparison with the dual satellite retrievals. The different segments are summarized in Tables 1a -1c.
In Situ Data
[9] Various in situ probes participated in the CF mission. Using several probes from two aircraft, Garrett et al. [2003] demonstrated that small ice crystals (sizes lower than 50 mm) were dominant in CF clouds. To help overcome the difficulties in measuring small ice crystal in cirrus clouds, Baumgarnder et al. [2005] proposed a method to derive the shape of those small crystals using CAS observations. The CAS [Baumgardner et al., 2001] observes particles with diameters ranging between 1 and 45 mm. It measures forward and backward light intensity scattered by individual particles that pass through a laser (l = 680 nm). The forward cone of light is between 4°and 12°, and the backscattering cone between 168°and 176°. The CAS was mounted on the left wing of the NASA WB57F aircraft during CF. Eighteen CAS segments, collocated in space and time with remote sensing observations, are used in the current study (Tables 1a -1c) .
Retrieval Methods
[10] This section summarizes the different methods used to derive particle shape. More information on each method is provided by Chepfer et al. [2002] for the dual-satellite method, Noel et al. [2002] for the lidar approach, and Baumgardner et al. [2005] for the CAS technique.
Ice crystal Optical Properties
[11] The remote sensing and in situ methods interpret measurements of light scattered in the visible domain using theoretical ice crystal optical properties. In this wavelength domain, pure ice scatters light conservatively. When the particle size is larger than 10 mm, the theoretical properties (including the scattering phase function and the complete scattering matrix) are computed in the framework of geometric optics approximation enhanced with Fraunhofer diffraction. Geometric optics is independent of the particle size, unlike Fraunhofer diffraction. As a consequence, when the scattering angle is larger than 3°, where the main diffraction peak is negligible, the scattering phase function (and scattering matrix) is less dependent on particle size. However, the secondary diffraction peaks still have some influence but at a smaller level. The in situ and two remote sensing methods use the phase function (or scattering matrix) at various scattering angles ranging between 4°a nd 180°; hence the information obtained with those methods is mainly a signature of the particle shape when the size of the particles under study exceeds 10 mm. During the CF campaign, a large quantity of particles smaller than 10 mm were observed, so optical properties computed with the finite difference time domain method, which is adapted for small particles, are also considered in the current study. The phase function obtained with this computation method is strongly sensitive to the particle size in small scattering angles but is still mainly sensitive to crystal shape at large angles. Hence the in situ retrieval, which uses observations in both scattering angle ranges (4°-12°and 168°-176°), will be sensitive to both particle size and shape, whereas the retrievals based on observations at large scattering angles 
9. 18 -19.22 (>110°for satellites, around 180°for lidar) are primarily sensitive to particle shape only.
[12] Twenty state-of-the-art randomly oriented ice crystal models in the visible domain are summarized in Table 2 . They contain simple monomodal ice crystals and more complex ones composed of mixed of particles. The detailed algorithms for computing the single-scattering properties of these particles can be found in the literature [e.g., Wendling et al., 1979; Takano and Liou, 1989; Macke et al., 1996; Liou, 1996, 1998; Noel et al., 2001] . For the MODIS models in Table 2 , the population of ice crystals consists of various ice crystal habitats with certain percentages [Baum et al., 2000; King et al., 2004] . Note that the Cloud and the Earth's Radiant Energy System (CERES) [ Minnis et al., 1998 ] and MODIS models correspond to different particle size distributions. Within these mixed distributions, the smallest ones (CERES-cont (particle model used for contrails) and MODIS 1) include particles smaller than 10 mm. According to in situ observations [e.g., Auer and Veal, 1970] , the dominant aspect ratio of small pristine ice crystals is approximately one (i.e., the compact ice crystals). Droxtals have been observed within ice fog and ice clouds [Thuman and Robinson, 1954; Zhang et al., 2004] . This type of ice crystals has the basic hexagonal structure. However, a droxtal ice crystal has 20 faces instead of a geometry of a well-developed hexagonal column to plate. In this study, we consider four monocrystal models corresponding to particles smaller than 10 mm: Compact-C and Columns-B [Takano and Liou, 1989] , droxtal-4 mm and droxtal-6 mm [Yang et al., 2003; Zhang et al., 2004] . Two spherical crystal models (diameter 12 mm and 6 mm) computed with Mie theory are also considered as a reference. Figure 3 illustrates the variation in the scattering phase function for four different crystals types.
Dual-Satellite Retrieval Method
[13] This method simulates radiances at the top of the atmosphere in the viewing directions of the two satellites for clouds composed of the different particle types summarized in Table 2 and for various optical depths ranging between 1 and 100, using an adding-doubling radiative transfer code [De Haan et al., 1986] . The theoretical ratio, Rsat_t, between the radiances in the two viewing directions is computed. Because of differences in the phase function between the two directions around scattering angles of 150°a nd 110°, the value of Rsat_t ranges between 0.8 and 1.2 depending on the viewing directions. This simulated ratio can be directly compared to the one measured with the two satellites in order to select the phase functions consistent with the dual-satellite observations. All the models listed in Table 2 can be tested because this method requires only the scattering phase function for the radiative transfer calculations.
[14] This method has been previously applied to 28 ice cloud cases studied over North America and the Atlantic Ocean to observe variations in the ice particle shapes, but has never been validated against in situ observations. Similar methods have been applied previously to the POLDER data set [Baran et al., 1999; Q eq is the mean equivalent shape ratio (length divided by diameter), g is the asymmetry factor, and D is the particle diameter in microns. The complete scattering matrix in backscattering M (180) 
Lidar Depolarization Classification Method
[15] The diversity of particle shapes in cirrus clouds is almost infinite. As multiple shapes can produce the same depolarization ratio Dp, it is impossible to retrieve precise information about particle shape based on Dp alone. However, the shape information conveyed by Dp can be used to classify particles into broad shape categories.
[16] To evaluate the sensitivity of the depolarization ratio (Dp) to the microphysical properties of a probed cloud, a ray-tracing simulation was used to follow the lidar laser beam as it travels through various ice crystal models, recording any modification of its polarization state during the process. The depolarization ratio was then extensively studied [Noel et al., 2001 [Noel et al., , 2002 as a function of the particle index of refraction (m r = 1.33 À 1.31 and m i = 1e-9 À 1e-6), orientation in space, shape and size. The sensitivity studies revealed that changes in the index of refraction or the particle size do not have noticeable effects on Dp. However, particle orientation is important, as horizontally oriented particles produce a unique signature of high backscattering and low depolarization ratio (Dp < 0.1), a behavior confirmed by field experiments [Platt et al., 1978] . When such a signature is observed, the sensitivity to particle shape is lost and the lidar classification method cannot be used. In the present study, great care was taken to ensure that such observations were not present in the lidar data set, so random orientation could be safely assumed. Finally, in the presence of randomly oriented particles, Dp appears to be highly sensitive to the particle aspect ratio Q. It is important to recognize that because the evolution of Dp with Q is not always monotonous, it is not possible to link an observed Dp to a specific particle aspect ratio. However, given a observed Dp, a range of probable values for Q can be estimated (Table 2) , and crystals can be classified into four different shape ratios. Thin, plate-like particles (Q < 0.05) produce low Dp in the same range as spherical particles, so both shapes are equivalent in the classification scheme (Class 1). Columnar particles (Q > 1.05) typically produce large values (Dp > 0.5, Class 4), while intermediate aspect ratios (irregular and intermediate shapes) are separated into thick plates (0.05 < Q < 0.7, Class 2) and unity aspect ratios (0.7 < Q < 1.05, Class 3). Each class is associated with a different asymmetry factor in the visible domain. This method gives access to information about the vertical variability of the particle shape within the cloud, since it can be applied to each altitude level detected by the lidar between the cloud top and an optical depth of 3.
[17] This method has been previously applied to 15 midlatitude ice cloud cases observed with a ground-based lidar [Noel et al., 2002] at the Site Instrumente de Recherche par Teledetection Atmospherique (SIRTA) site in Palaiseau, France [Haeffelin et al., 2005] , with results showing good agreement with in situ observations from previous field experiments [Korolev and Hallett, 2000] . More recently, this technique has been applied to tropical cirrus clouds observed during CF [Noel et al., 2004] . Results of the classification show a good agreement with collocated in situ observations from the cloud particle imager airborne probe.
In the presence of high optical depths, the influence of multiple scattering [Hu et al., 2001 ] must be evaluated through additional simulations; however, in the present study, the small lidar footprint on the observed clouds ($1 m) means multiple scattering effects can be safely neglected [Eloranta, 1998 ].
CAS Retrieval Method
[18] The method consists of computing the theoretical ratio between the intensity scattered in the forward (4°-12°) and backward (168°-176°) directions for the different particle models summarized in Table 2 . This theoretical ratio, ranging between 2.5 and 183, is directly compared to the measured one in order to select the most closely associated ice crystal model. All the models shown in Table 2 can be tested, as this method requires only the scattering phase function. This technique gives direct information useful for constraining the crystal model, but it is valid only for particles with sizes ranging between 1 and 45 mm. The CAS method has been applied to the complete CF data set composed of 10 flights of the WB57F aircraft [Baumgardner et al., 2005] , showing that in the size range of the CAS, droxtals, mixtures of bullet rosettes, hollow columns and plates (MODIS-rough model) are dominant, but 10% of the particles correspond to small columns. This retrieval method has not yet been compared to other in situ or remote sensing retrievals of particle shapes.
Results

Dual-Satellite Results
11 July Case
[19] The dual-satellite method was applied to a cloud area observed above Florida during 11 July. This cloud is thin and heterogeneous. The satellite viewing angles vary by only ±0.5°and the time difference between G8 and N16 is 5 min. The cloud is separated in four areas (Z0 -Z3), the first one with temperatures ranging between 225 and 222 K, and the others with mean temperatures of 213 K. The comparisons between the simulated and observed radiances are plotted in Figures 4a and 4b for Z0 and Z3: the theoretical ratio between the G8 and N16 radiances is shown as a function of the radiance observed in the G8 direction. Each data point corresponds to 36 Â 36 km 2 . The column model is the most appropriate to explain the measurements in area Z1; similar behavior was observed for Z1 and Z2 (not shown). Figure 4b shows that the last area (Z3) is more consistent with the spherical model.
23 July Case
[20] The time difference between G8 and N16 is 15 min and two cloud areas are examined: Z1 with T = 215 K and Z2 with T = 220 K. Figure 4c illustrates the comparison of observations and simulations for the first area, with satellite data averaged over 3, 18 and 36 km along the ER-2 flight track. Figure 4c clearly illustrates the need to average the data over 36 km for a reasonable comparison because of the time difference between the two satellites. This behavior is confirmed by the other case studied (not shown) and all the satellite retrievals use the 36 Â 36 km satellite observations. For Z1, the column model is best suited to explain the observations, whereas for Z2 the spherical model is more appropriate. 
29 July Case
[21] The time difference between G8 and Aqua is 10 min and T = 219 K. Figure 4d shows that theoretical ratios corresponding to a mixture of plates, bullet rosettes and hollow columns are most consistent with the satellite observations.
Lidar Results
[22] The lidar shape ratio retrievals were performed along the WB57F flight track with a collocation of less than 10 min and 2 km. Figure 5 shows an example of the histograms of shape ratio obtained for the different cloud segments selected for 23 July (Tables 1b and 1c) . Segments 1-3 are dominated by ice crystals associated with shape ratios less than one, while class 4, associated with large shape ratios (>1), is observed most often for segments 4 -7. Class 1, identified for 40% of segment 2, can be associated with spherical water particles, frozen droplets, or very thin ice plates with Q < 0.05. Segments 5, 7, and 8 show a somewhat uniform mix of particles in all four classes. Data from the 26 July (not shown) yield more than 80% spherical or thin plates particles for segment 1, and a predominance of ice crystals having Q ! 1.0 for segments 2-4. The single segment taken during 29 July is dominated by a plate-like shape ratio (class 2) that coexists with other particles. Figure 5 . Lidar method. Histogram of particle shape ratio retrieved along the WB57 aircraft: 23th segments 1 -8.
[23] For the 23 and 29 July segments, selected for comparisons with satellite retrievals, the lidar retrievals were processed for the complete vertical structure of clouds seen by the lidar in the same latitude/longitude area as considered for the satellite. The data for 23 July are separated into two cloud areas. For the first one, the lidar retrieval is dominated by Q < 1, while lidar data for the second one indicate a mixture of spherical and small shape ratios. The 29 July results are also dominated by particles with shape ratios less than unity mixed with a significant quantity of thin plates or spheres.
CAS Results
[24] The comparisons between measured and simulated forward-to-backscattering ratios (R CAS ) are plotted in Figure 6 for the 4 days under study. The horizontal line corresponds to the closest models. All measured values of R CAS range between 80 and 130, hence the ice crystal models associated with smaller values of R CAS such as MODIS-1, MODIS-2, MODIS-3, CERES-cont, CERES-Nov, CERESBig, International Satellite Cloud Climatology Project, Spheres-6, large monocrystals (columns-a, compacts-a,-b, plates, bullet rosettes) are not plotted in Figure 6 because they are poor candidates to explain the observations.
[25] The observations can be explained by five different models, four that are associated with very small particles having sizes less than 10 mm (droxtal-4 mm, droxtal-6 mm, columns-b, compacts-c), and one (MODIS-rough) that corresponds to larger mean size (30 mm) containing a mixture of different shapes (bullet rosettes, plates and hollow columns) having rough surfaces. The spherical models, even if associated with small sizes cannot explain the measurements. For 3 of the 5 days under study (23, 26, and 29 July) the small simple hexagonal columns model is the best candidate for explaining the observations as R CAS ranges from 115 to 123. For 11 July the measured R CAS values are highly variable. However, for the measurements that are collocated with satellite observations, R CAS = 111 which is close to the MODIS-rough model value.
Comparisons Between Remote Sensing and in Situ Results
Comparison Between Dual Satellites and CAS Results
[26] The 11 July satellite and in situ observations are well correlated in space and time. Of course, the WB57F flies within the cloud at a constant altitude, whereas satellite observations are sensitive to a vertically integrated thickness of cloud. The in situ and satellite analyses use different viewing directions but they are based on the same scattering phase function. Under the assumption that the altitude level flown by the aircraft is representative of the vertical depth sounded by the satellite, the results can be compared.
[27] The satellite and in situ retrievals give consistent results for two of the four areas (Z1 and Z2), where the column model is judged most appropriate. The inconsistency between satellite and in situ retrievals for the first area (Z0) can be explained by the fact that the shape retrieved from the in situ data (Figure 6 ) is strongly variable in time for that day at Z0 time. The satellite retrieval was averaged over 36 Â 36 km 2 around the WB57F flight track and cannot capture the smaller-scale variability seen in Figure 6 that is associated with a short descent of 1 km within the cloud. For area Z3, the inconsistency might be explained by the time difference between the satellite and in situ retrievals, which reaches a maximum of 20 min.
Comparison Between Lidar and CAS Results
[28] Following the lidar, five segments among thirteen are dominated by shape ratios larger than unity (segments 4, 5, 6, 7 of 23 July, and segment 4 of 26 July) that are associated with hexagonal columns. For those segments, the results are consistent with the R CAS observations that also indicate small hexagonal columns.
[29] For segment 3 of 23 July, the lidar retrieval produces results suggesting the presence of many different particle shapes without clear dominance of any one particle type whereas the CAS gives results ranging between columns and droxtals.
[30] For segments 1 and 2 of 26 July and segment 1 of 29 July, the lidar retrieval indicates hexagonal plates (shape ratio lower than 1) or spherical particles, whereas the in situ data correspond to small columns. This discrepancy could be due to the cloud spatial heterogeneities that appear in Figures 2b and 2c . In those areas, the in situ sensor has difficulty retrieving the particle shape because the sensor does not encounter a sufficient quantity of particles. For example, Figure 6 shows that the values of the in situ ratio for those three segments are interpolated (in line) and not retrieved (in dot).
[31] For segment 3 of 26 July, the lidar data show a dominance of hexagonal compact (unity shape ratio) whereas the in situ obtains small hexagonal columns. This segment Figure 6 . In situ method. Forward to backscattering ratio as measured by the cloud aerosol spectrometer as a function of time and theoretical computed ratio (horizontal line).
corresponds to a 2-km descent of the WB57 within a thick cloud. As shown in Figure 2b , the lidar depolarization value changes within the cloud along the WB57 trajectory, leading to various particle shapes, producing, in the mean, a dominance of hexagonal compacts. On the contrary, the in situ retrieval is quite constant along this trajectory (Figure 6 ), explained by the capability of the CAS to observe only particles smaller than 45 mm whereas the lidar retrieval is influenced by larger particles having different shape ratios.
[32] For the last two segments (1 and 2 of 23 July), the lidar results give hexagonal plates and spheres whereas the CAS indicates small hexagonal columns. This discrepancy may be due to both the small time period considered (2 and 4 min, respectively, see Table 3 ) and the cloud spatial heterogeneities in this area (Figure 2a ).
Comparisons Between Dual-Satellite and Lidar Results
[33] Among the three cloud areas used to compare lidar and satellite results, two give consistent results and one does not. For the 23 July area Z2, the lidar retrieval is dominated by spheres or plate-like particles and the satellite retrieval is close to spheres. For 29 July, the lidar retrieval indicates mostly plates (shape ratio lower than 1), whereas the satellite retrieval is ambiguous with four possible solutions: plates, bullet rosettes and MODIS-1 and MODIS-2 models that consist of a mixture of plates, bullet rosettes and hollow columns. The inconsistency obtained for area Z1 of 23 July (lidar gives plates whereas satellite gives columns) may be due to the 15-min difference between the two satellite observations that necessitated averaging the data over 36 Â 36 km (Figure 4b ) and to the 12 min time difference between the satellite and lidar observations.
Discussion and Conclusion
[34] In total, 40 ice crystal shape retrievals have been processed using three different methods, and compared two by two leading to 20 intercomparisons: four satellite with in situ, 13 lidar with in situ, and three satellite with lidar. Nine of the comparisons give consistent results, two have mixed lidar retrievals that cannot be interpreted for the comparisons, and nine cases give inconsistent results. Those inconsistencies can be partially explained as follows.
[35] In two cases, the spatial-temporal matching of the data appears to be insufficient: the time difference between the two satellites is large (15 min) and the comparative measurements (one lidar, one in situ), are taken 15 min before or after the two satellite images. The development and dissipation of anvils during CF were generally quite rapid and the clouds typically advected westward. Thus the sampled fields can be quite different when the measurements are taken 15-min apart.
[36] In two cases, the lidar retrievals are applied to a data set that is too short to be representative in a spatially heterogeneous cloud.
[37] In one case, the in situ retrieval is performed using data along a descent of the WB57F within the cloud leading to a large variation in shapes that is smoothed out by the large averaging area of the satellite measurements.
[38] In one case, the in situ retrieval is along an ascent of the WB57F within the cloud showing variability with altitude in the lidar retrieval but not in the in situ data. That Here 1 ! Q ! 0.7 corresponds to plate-c and compact-b. Q = 0.05 corresponds to plate-b. Q ! 1 corresponds to columns, compacts, CERES-Big, and CERES-Nov1. may be a result of the limited size range of the CAS whereas the lidar retrieval is influenced by all the particles sizes.
[39] Hence, among the nine cases showing disagreement, seven are likely due to poor spatial-temporal matching and two are a result of the physical limitations of the retrieval method. Moreover, the CAS retrieval gives information on the particle shape for particles smaller than 45 mm only. This is not necessarily a limitation as there are very few in situ methods that provide shape information for these very small particles; however, when large particles are present, the CAS might not provide a representative assessment of the particle shapes for the entire sampling space.
[40] Finally, the results obtained in this study are encouraging as the method of using two remote sensors contains valuable information on the particle shape for ice crystals having sizes smaller than 45 mm. Nevertheless, the use of these methods requires some precautions. The dual satellite method has to be applied only when the satellite time difference is small enough (typically less than 15 min) and averages over several pixels (at least 20 km super pixels) can be computed (i.e., the cloud must be large enough). The lidar retrieval seems to be robust only if applied to data averaged over several minutes within wellformed clouds without strong spatial inhomogeneities.
[41] The remote sensing and in situ techniques all agree in the rejection of a large fraction of the 20 optical property models considered at the beginning of the study ( Table 2 ) and conclude that for the different cloud cases examined here the columns, bullet rosettes, spheres, plates, droxtal and mixtures of those (MODIS-rough models) are the best candidates. In this sense the three methods are quite consistent but it does not mean that these shapes are necessarily the dominant ones during CF. Other studies, each using only one of the current methods on the complete CF data set [Baumgardner et al., 2005; Noel et al., 2004] , indicate that the shape variability is considerably larger than that found here. Vertically, the cloud particle sizes and shapes within a cirrus or anvil cloud can be highly variable [e.g., Garrett et al., 2005] and were not often sampled by the WB57F because most of its flight legs were level at very high altitudes and primarily sampled either the tops of the anvils or the very thin cirrus clouds that often formed above the anvil. In those areas, especially in the thin cirrus, small particles dominate the spectrum and may not necessarily represent the vertically integrated microphysical structure of the clouds. Thus it is surprising that the satellite and in situ data agree as well as they do.
[42] Nevertheless, these results show that the lidar has the potential to give quantitative results about the particle shape (or asymmetry factor) on a systematic basis, thus providing information on the vertical variability of the ice crystal shape within the cloud itself. Progress can be made by including more optical models associated with different shapes and sizes in order to approach more realistic crystal habits (or asymmetry factors) rather than four different large classes. As shown in Table 2 , however, the main limitation in this approach comes from the lack of ice crystal models with the complete scattering matrix in the backscattering direction. Even without additional models, the application of the lidar method to the future Cloud-Aerosol Lidar and Infrared Pathfinder (CALIPSO) [see Winker et al., 2003] mission global lidar data set could provide a rough estimate of the variability of ice crystal shape within the cloud at the different latitudes along the satellite track. Such information would represent a large step beyond our current understanding of crystal habits, even if the data do not correspond to the ''real'' shape as given by in situ observations.
[43] The dual satellite method contains potentially valuable information to discriminate the scattering phase function in the visible domain that is mainly a signature of the particle shape because of the angles considered. This method has an advantage in that it can be used to test all the optical properties available in the literature since it only requires the scattering phase function. Hence all 20 models presented in Table 2 were tested and new ones can be included with no limitations as they become available. This method requires good collocation in space and time between the two satellites and a robust treatment of their visiblechannel calibrations. On one hand, these two constraints require heavy pretreatment of the satellite data for extensive applications, but on the other hand this method could be applied to the large existing data set and comprises the visible-channel data from most operational and research satellite imagers. Analysis of those data would yield valuable new information on the spatial and temporal variability of the particle asymmetry factor. This technique is also ideal for application to data from satellite-borne multiangle view scanners, like the Multiangle Imaging Spectroradiometer (MISR) [see Diner et al. [2000] that view a given scene from more than one angle during a given overpass.
[44] In addition to logistical, matching, and calibration concerns, a variety of studies should be performed to better understand the retrievals. The sensitivity of the dual satellite method to vertical variations in ice crystal shape and size should be explored to determine what portion of the cloud is represented by the retrieval. Additional in situ data should be taken using vertical profiles that are coincident with the dual-satellite or MISR overpasses using sensors that cover a wide range of particle sizes. Expert mission planning is essential for achieving that goal. The additional data would also help unravel the results of the lidar retrieval in order to better define shapes from the depolarization ratios. Coincident data sets from future field missions similar to CF and from Aqua and CALIPSO will be essential for enhancing the value of the remote sensing methods examined here.
